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Abstract  
IMPROVING THE POWER EFFICIENCY OF HUMANOID ROBOTS 
                                              Evan Dissanayake 
                                     Advisor: Dr. Youngmoo Kim 
 
 Humanoid robots are sophisticated machines developed to assist humans perform various 
tasks. Their ability to replicate most human joint movements allow them to manipulate 
environments designed for humans, enabling them to perform dangerous or unpleasant jobs that 
otherwise would have to be completed by human workers. One major weakness in the humanoid 
robotics field is the limited onboard capacity for power storage. Most state-of-the-art robots can 
only operate for an hour at most unless they are tethered to a power supply, which limits their 
ability to perform tasks for long periods of time in environments without outlets or other power 
sources. In addition, a tethered robot may not be able to perform in all environments since the 
tether can get in the way. The objective of the work presented in this thesis is to: (1) analyze the 
power distribution of the HUBO humanoid robot and develop a model to predict the power 
consumption in a simulated environment that replicates the real world, (2) implement dynamic 
power management; and (3) design a battery supercapacitor hybrid to replace the existing power 
source. The power model provides a good approximation for the power consumed for every joint 
in both HUBO’s upper body and lower body. Dynamic power management allows one to 
investigate the possibility of conserving power by powering off motor boards that are not used in 
a specified trajectory. The battery supercapacitor hybrid studies the possibility of reducing the 
stress on the battery by having the supercapacitors operate in tandem with the battery. Taken 
together, the results of the work provide guidance and ideas towards eliminating unnecessary 
power consumption, allowing a humanoid robot to operate longer on its self-contained power 
source. 
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Chapter 0 - Introduction 
A. Problem Statement 
 
With their ability to replicate most human joint movements humanoid robots are capable 
of performing a plethora of various tasks. Their potential to perform tasks that might not be able 
for humans to perform safely such as provide disaster response and remove debris from a nuclear 
contaminated area have made them popular in the modern context. To make this a reality 
however, the humanoid should be able to be powered for a long time without being tethered to a 
power source. Many humanoids such as HUBO, Asimo, Topio etc. face a common problem 
which is their inability to continuously perform a task without being tethered to a power source. 
The battery of most humanoids last less than an hour further emphasizing the importance of 
improving power efficiency. 
 Most humanoid research has been done on human robot interaction and locomotion with 
no emphasis on power prediction and optimization. Robot simulators that model humanoids do 
not have a power model to predict the power consumption.  
The software and hardware of humanoid robots has not been designed to perform 
research on improving power efficiency. For instance HUBO does not easily allow for power 
measurements of each joint by direct measurement or software inquiry. As a result, to develop a 
higher level power model and implement dynamic power management it was required to analyze 
where measurements could be taken and move a certain joint to obtain the power consumption. 
Hence, it is clearly important to take a step towards improving the power efficiency of humanoid 
robots in order to obtain maximum usage. 
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B. Goals 
 
The goal of this thesis is to model and improve the power efficiency of the HUBO 
humanoid robot through conducting the following three projects.  
 
1. Create a model to predict the power consumption for the HUBO humanoid robot    
for its upper body and lower body. 
 
2. Develop a proof of concept experiment to implement dynamic power management to  
analyze power savings by powering off motors that are not being used for a given joint  
movement. 
 
3. Explore a battery supercapacitor hybrid as the power source of HUBO to improve the     
power efficiency by reducing the stress on the battery. 
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Power Model 
The power model predicts the power consumption for all the joint movements in the 
upper body and lower body of the HUBO humanoid Robot. The model is developed by 
analyzing various parameters of both the electrical system and mechanical system of HUBO. The 
power models results are validated through actual hardware measurements for battery and wall 
power. For the upper body the error between the power model and actual measurements fall 
between 1% and 3 % where as for the lower body the error is between 15% and 20%. Among 
various simulators available to model the motion of humanoid robots, none of them have a power 
model implemented. However, there are power models implemented for smaller robots such as 
the model developed by Ordonez,et.al on the XRL hexipedal robot[1]. This model was used for 
motion planning with actuator power limitations, energy efficient trajectory planning, task 
completion based on available energy and planning for refueling or recharging. Chuy,et.al 
developed a power model for autonomous ground vehicles to assist in optimal motion planning 
and energy efficient motion planning [2].The model characterizes the power consumption of the 
inner and outer wheels in terms of the linear velocity and turning radius of the robotic ground 
vehicle.  
 
Dynamic Power Management 
Dynamic power management was performed as a proof of concept to analyze potential 
power savings by shutting down the 48 V power supply of the motor boards of HUBO. A relay 
system that can be controlled using a microcontroller was built to simulate different shut down 
schemes and analyze power savings. For instance the power savings by shutting down the left 
arm when the right arm is in motion could be simulated using the built hardware. Dynamic 
power management has not been conducted in humanoid robot research. 
 
Battery Supercapacitor Hybrid 
A Battery supercapacitor hybrid was designed in order to analyze the inherent power 
savings attainable in comparison to using a battery, for power intensive trajectories such as 
Homing. The advantage of using a battery supercapacitor hybrid in comparison to a battery is the 
ability of supercapacitors to supply high amounts of power in a small amount of time for high 
loads and have the battery supply the rest. This reduces the stress on the battery and improves 
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power efficiency. The battery supercapacitor hybrid would replace the existing battery. There has 
not been research done in using supercapacitors for humanoid robots. However, various research 
has been performed in the area of improving power efficiency using battery supercapacitor 
hybrids. Pay, Et.al investigated the usage of a supercapacitor bank as a power buffer to smooth 
out the rapid power fluctuations in and out of the battery of an electric hybrid vehicle. The results 
show that using a power controller improves voltage regulation, reduces battery peak current and 
supercapacitor state of charge [7,15]. Lee, Et.al developed a new switching mechanism in order 
to combine supercapacitor modules in conjunction with battery packs into a hybrid energy 
storage pack that uses energy management to select the appropriate storage component based on 
system demands [8,15]. Miller and Sartorelli investigated the best architecture for dc-dc 
converter location in combining a battery with a supercapacitor. The results emphasized the fact 
that interfacing the supercapacitor through a dc to dc converter retains the fixed voltage DC link, 
is most amendable to energy management strategy, and provides benefits in idling the converter 
during periods of low power demand [9,15]. Verbrugge and Liu researched the requirements of 
ultracapacitor modules in direct parallel or tandem connection with a lithium ion battery. Their 
findings prove that a tandem connection is best as it improves battery life [10,15]. Schupbach 
and Balda evaluated the requirements on dc-dc converter configurations and how energy 
management system can be implemented to actively manage power flows between the battery 
and supercapacitor in hybridized energy storage systems[11, 12, 15]. Miller and Smith 
considered the case of ultracapacitor as distributed modules in the vehicle electrical distribution 
system as means to stabilize and smoothen the power net in the presence of load disturbances 
and high power actuator demands [13,15]. 
  While most research on humanoids have been done on Human Robot Interaction and 
locomotion, this work contributes to predicting and improving the power efficiency through 
developing a power model, implementing dynamic power management and designing a battery 
supercapacitor hybrid. 
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Chapter 1 - Hardware and Software of HUBO 
The HUBO consists of various hardware components and software components. The 
Hardware components were designed by KAIST (Korean Advanced Institute of Science and 
Technology); a research university in Korea and the software component, MAESTOR was 
designed by AIG (Applied Informatics Group); a software research group. A thorough 
understanding of both the software and hardware is essential to conduct projects related to 
HUBO. 
A. Hardware  
The HUBO 2+ (HUBO) weighs around 43 kg and has a height of 130 cm with 38 
Degrees of Freedom. It can walk at a speed of 1.5km/h and operate for about two hours idle and 
30 minutes for a power intensive trajectory.  HUBO has an upper body and lower body which 
has 10 body parts in total. Each body part has motor control boards connected to motors. The 
motors are powered through the motor boards. The motor boards are powered through the power 
board in the torso. HUBO’s chest has 2 computers which serve as the brain for the robot and a 
slot in the chest for battery operation. One computer performs the motor controls of the upper 
and lower body while the other computer (NUC), powered externally, controls the camera,  
microphones and Biotac sensors. HUBO also has 4 force torque sensors, 2 in the wrist and 2 in 
the ankle to provide force torque data. Figure1 shows a diagram of real HUBO and Figure 2 
shows a simplified connection block diagram of HUBO. For more explanation of the hardware 
components of HUBO refer to Appendix A. 
                                             
                                                   Figure 1: The HUBO Humanoid Robot 
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                                                         Figure 2: Simplified HUBO Connection Block Diagram 
 
20 
 
B. Software  
 
 The software used to control HUBO is named MAESTOR. MAESTOR can be used to 
command HUBO to perform various joint motions. For the power model and dynamic power 
management the joint velocities and positions had to be set to perform analysis. For the battery 
supercapacitor hybrid homing had to be performed multiple times. The commands to set the joint 
position, velocity and homing are as follows. Appendix B provides more details about the 
functionality of the MAESTOR software platform. 
 
 setProperty(“jointname”, “position”, “position in Radians”) 
eg => Set Left Shoulder Roll to 90 degrees or π/2 radians 
setProperty(“LSR”, “position”, “1.57”) 
 
 setProperty(“jointname”, “velocity”, “velocity in radians per second”) 
eg => Set Left Shoulder Roll to 0.3 radians per second 
setProperty(“LSR”, “velocity”, “0.3”) 
 
 command(“HomeAll”, “ ”) 
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Chapter 2 - Power Model 
The ability to predict the power consumption for a Humanoid is important as that would 
enable the user to account for the power cost ahead of time to perform various tasks and even 
design power sources to match the need. Many robot simulators present today do not have a 
model that provides the power consumption for a given joint movement or trajectory. The power 
model developed in this thesis predicts the power consumption of the upper body and lower body  
for the HUBO humanoid robot. An example of an upper body joint movement is right shoulder 
pitch whereas an example of a lower body movement is left hip pitch. HUBO has 3 motion 
dynamics; pitch , roll and yaw. The pitch is a clockwise rotation about the y axis whereas the roll 
and yaw are counter clockwise rotations among the x and z axis. Figure 3 shows the three main 
motion dynamics and all the motion dynamics for HUBO for every joint. Each dynamic 
corresponds to a motor.         
                                          
                          
      Figure 3: Motion Dynamics for every joint in HUBO 
 
 
NP - Neck Pitch 
NY - Neck Yaw 
LSP - Left Shoulder Pitch 
LSR - Left Shoulder Roll 
LSY - Left Shoulder Yaw 
LE - Left Elbow Pitch 
LWR - Left Wrist Yaw 
LWP - Left Wrist Pitch 
TY - Torso Yaw/Waist 
LHY - Left Hip Yaw 
LHR - Left Hip Roll 
LHP - Left Hip Pitch 
LKN - Left Knee Pitch 
LAP - Left Ankle Pitch 
LAR - Left Ankle Roll 
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Power Distribution 
 
HUBO can be powered either by its removable 48V lithium-polymer battery or from a 
tethered external power supply. Power is received from one of these sources and then distributed 
across the entire robot at two levels. 48V power is provided to the motor boards and used to 
power the electric motors connected to those boards. Power is also distributed at 12V to all 
motor boards, sensors, fans, voltage regulators, signal controllers etc. The idle power of the 
humanoid, which is a constant, account for the power, required for HUBO’s power board, 
computers, sensors, motors and fans. The power model is built by adding the extra power 
required during a joint movement to its idle power using a few steps. 
 
A. General Power Model for All joints 
 
Calculation 
 
Step 1 – Conversion between Electrical Torque, angular speed and mechanical torque and 
angular speed.                                        V          
                           
                                      Figure 4: Electrical to Mechanical Torque Conversion Diagram  
τmotor     =  (τjoint  / cgear-ratio ) 
ωmotor   =  (ωjoint * cgear-ratio) 
 
HUBO has two types of joint torques, linear torque and rotational torque. The general 
equation for translational and rotational torque is as follows. 
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τtranslational = Force * Perpendicular Distance to the pivot point 
                =  m *g*l*sin(θ) 
             τrotational     =  I*α 
                =  Ʃ m*r
2*α 
 
m= mass of the joint 
g = gravitational acceleration 
l*sin(θ) =  perpendicular distance measured to the center of mass from the pivot point 
I= moment of inertia  
α=angular acceleration 
 
It should be noted that the translational torque changes with the angle θ where as the rotational 
torque changes with the angular acceleration. Both the rotational and translational torque values 
can be obtained from the physics engine used to simulate HUBO in Open Rave  
 
Step 2 – Calculate the supplied current to the motor 
 
The total current supplied to the motor can be obtained by dividing the motor torque by the 
motor torque constant. 
 
Isupplied  =  (τmotor / KT) 
 
Step 3 – Calculate the supplied voltage to the motor 
 
The total voltage supplied to the motor can be determined by adding the motors back emf to the 
voltage drop across its armature as shown in the following equation. 
 
Vsupplied  =  Vbackemf  + Vdrop_armature 
              =   ( KT*ωjoint ) +   (Isupplied *R) 
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Step 4 – Calculate the supplied power to the motor 
 
The total power supplied to the motor is the product of the supplied voltage times the supplied 
current. 
 
Psupplied_motor  = Vsupplied * Isupplied  
 
Step 5 – Calculate the idle power of HUBO 
 
The idle power of HUBO has to be measured through external hardware and remains a constant 
for every trajectory. Pidle consists of the power that is required to run the two computers, fans, 
motor boards, IMU’s and other parts once HUBO is switched on. It also contains the idle power 
for motors. 
 
Pidle = Constant 
 
Step 6 – Calculate the supplied power consumption 
 
The total power consumption or the energy consumed for a given trajectory can be obtained by 
adding idle power to the supplied power. 
 
 Ptotal = Pidle  + Psupplied 
 
Step 7 – Complex Trajectories 
 
For complex trajectories which use multiple joints the initial power consumption for every joint 
should be calculated and summed up to get the total power consumption as follows. 
 
ƩPtotal  = Pjoint_1_total + Pjoint_2_total2 + …… +Pjoint_n_total  
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 B. Power Model Algorithm Flow Chart 
        
            Figure 5: Power Model Algorithm Flow Chart 
 
Figure 5 depicts the flow chart of the algorithm used to develop the power model. The 
first step is to obtain the joint torques for a given joint movement from OpenRave. OpenRave is 
a physics engine which models the physics of Robots. For example if the Right shoulder was 
moved from 0 degrees to 90 degrees in the pitch direction OpenRave would give the torque 
values for the motion. Then the joint torque values are converted to motor torque values through 
division of the gear ratio. For the power model presented in this thesis the joint angular velocity 
was set to 0.3 rad/s. The motor angular velocity was obtained by multiplying the joint angular 
velocity by the gear ratio. Next the supplied current to the motor was obtained by dividing the 
motor torque by the motor toque constant. Then the supplied voltage was determined by adding 
the back emf to the voltage drop across the armature. The back emf was determined by 
multiplying the motor torque constant by the angular velocity and the voltage drop was 
determined by multiplying the supplied current by the armature resistance. Once the supplied 
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current and voltage was determined the supplied power was calculated by multiplying the 
supplied current by the supplied voltage. The supplied power represents the extra power required 
by the Humanoid to move the joint in addition to its idle power. In order to obtain the total power 
for a joint movement the idle power was added to the supplied power. This calculation was 
carried out for every joint torque value obtained from OpenRave for a given motion. Then the 
total power values were averaged to get a good approximation for the total power consumption 
of the HUBO humanoid robot for a given joint movement. If the Humanoid performed a 
complex move which required multiple joints the same calculation should be performed for all 
the joints used and summed up to obtain the total power.  
 
C. Important Data for the Power Model 
The power model developed uses various constants and motor characteristics such as 
motor torque constant, gear ratio, armature resistance etc. Table 1 shows different characteristics 
of all the motors used in HUBO to develop the power model.  
 
                                                      Table 1: Data For Torque Calculations 
           Name 
Mass 
(Kg) 
sum of 
joints(Kg) 
Range 
low(rad) 
Range 
high(rad) 
Motor 
Type 
Gear 
Ratio 
Torque 
Constant(NM/A) 
No load 
I(A) Resistance(Ω) 
WST 3.417 3.417 -3.14 3.14 Brushless 250 0.0276 0.356 0.386 
NK1 0.1 0.374 -6 6 Brushed 100 0.0613 0.00759 59.3 
NK2 0.274 0.374 -6 6 Brushed 100 0.0613 0.00759 59.3 
Neck_Yaw 0.374 0.374 -1.5 1.5 Brushed 100 0.0613 0.00759 59.3 
LSP 0.646 3.437 -3.14 3.14 Brushless 145 0.0276 0.356 0.386 
LSR 0.413 2.791 0 3.14 Brushless 100 0.0276 0.356 0.386 
LSY 1.154 2.377 -3.14 3.14 Brushless 100 0.0276 0.356 0.386 
LEP 0.440 1.223 -2.5 0.07 Brushless 100 0.0276 0.356 0.386 
LWY 0.537 0.782 -3.14 3.14 Brushed 100 0.0575 0.008 60 
LWP 0.104 0.244 -1.64 1.01 Brushed 100 0.0575 0.008 60 
RSP 0.646 3.437 -3.14 3.14 Brushless 145 0.0276 0.356 0.386 
RSR 0.413 2.791 0 -3.14 Brushless 100 0.0276 0.356 0.386 
RSY 1.154 2.377 -3.14 3.14 Brushless 100 0.0276 0.356 0.386 
REP 0.440 1.223 -2.5 0.07 Brushless 100 0.0276 0.356 0.386 
RWY 0.537 0.782 -3.14 3.14 Brushed 100 0.0575 0.008 60 
RWP 0.104 0.244 -1.64 1.01 Brushed 100 0.0575 0.008 60 
LHY 0.826 10.026 -1.57 1.57 Brushless 250 0.0276 0.356 0.386 
LHR 1.932 10.026 -0.49 0.49 Brushless 506 0.0276 0.356 0.386 
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 The torque constant, no load current and armature resistance was obtained from the 
individual datasheets of the motors. The mass of the joints, simulation motion ranges and the 
gear ratios was obtained from the model of HUBO implemented in the OpenRave physics 
engine. 
 
E. Joint per Joint Mathematical Power Model Validation 
 The power model was validated for every joint movement in the upper body and the 
lower body for a specified range of motion. The following shows the power model prediction for 
the joint movements using wall power. (Via Ammeter) 
 
 
 
 
 
LHP 2.820 10.026 -1.48 1.61 Brushless 200 0.0276 0.356 0.386 
LKP 1.809 4.447 -0.07 2.6 Brushless 160 0.0276 0.356 0.386 
LAP 1.635 4.447 -1.29 1.69 Brushless 250 0.0276 0.356 0.386 
LAR 1.003 4.447 -0.19 0.19 Brushless 316 0.0276 0.356 0.386 
RHY 0.826 10.026 -1.57 1.57 Brushless 250 0.0276 0.356 0.386 
RHR 1.932 10.026 -0.49 0.49 Brushless 506 0.0276 0.356 0.386 
RHP 2.820 10.026 -1.48 1.61 Brushless 200 0.0276 0.356 0.386 
RKP 1.809 4.447 -0.07 2.6 Brushless 160 0.0276 0.356 0.386 
RAP 1.635 4.447 -1.29 1.69 Brushless 250 0.0276 0.356 0.386 
RAR 1.003 4.447 -0.19 0.19 Brushless 316 0.0276 0.356 0.386 
RF1-thumb 0.028 0.028 0 1.4 Brushed 256 0.00955 0.00537 114 
RF2-index 0.028 0.028 0 1.4 Brushed 256 0.00955 0.00537 114 
RF3 - Middle 0.028 0.028 0 1.4 Brushed 256 0.00955 0.00537 114 
RF4- Ring 0.028 0.028 0 1.4 Brushed 256 0.00955 0.00537 114 
RF5- Pinky 0.028 0.028 0 1.4 Brushed 256 0.00955 0.00537 114 
LF1- thumb 0.028 0.028 0 1.4 Brushed 256 0.00955 0.00537 114 
LF2- index 0.028 0.028 0 1.4 Brushed 256 0.00955 0.00537 114 
LF3-Middle 0.028 0.028 0 1.4 Brushed 256 0.00955 0.00537 114 
LF4- Ring 0.028 0.028 0 1.4 Brushed 256 0.00955 0.00537 114 
LF5- pinky 0.028 0.028 0 1.4 Brushed 256 0.00955 0.00537 114 
28 
 
a. Upper Body (Right) 
 
i. Right Shoulder Pitch                                                                                           
             
ii. Right Shoulder Roll                                                                                          
   
 
 
 
 
 
 
 
 
 
*Motion Range= 0 to -1.4 rad 
 
*Power Model Prediction = 85.08W 
 
*Motion Speed= 0.3  rad/s 
 
 
 
 
 
 
 
*Motion Range= 0 to -1.7 rad 
 
*Power Model Prediction= 84.66W 
 
*Motion Speed= 0.3  rad/s 
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iii. Right Shoulder Yaw                                                                                           
        
iv. Right Elbow Pitch                                                                                        
                
v. Right Wrist Pitch                                                                                        
    
*Motion Range= 0 to -1.2 rad 
 
*Power Model Prediction= 82.93W 
 
*Motion Speed= 0.3  rad/s 
 
 
*Motion Range= 0 to -1.4 rad 
 
*Power Model Prediction= 82.82W 
 
*Motion Speed= 0.3  rad/s 
 
*Motion Range= 0 to -1 rad 
 
*Power Model Prediction= 82.88W 
 
*Motion Speed= 0.3  rad/s 
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vi. Right Wrist Yaw                                                                                           
 
vii. WST                                                                                        
 
*Motion Range= 0 to -1.57 rad 
 
*Power Model Prediction= 82.56W 
 
*Motion Speed= 0.3  rad/s 
 
*Motion Range= 0.5 to -0.5 rad 
 
*Power Model Prediction= 83.16W 
 
*Motion Speed= 0.3  rad/s 
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b. Lower Body(Right) 
i. Right Hip Pitch                                                                                                                                                                                                                                                                                                               
  
ii. Right Hip Roll                                                                                           
 
iii. Right Knee Pitch                                                                                           
   
 
*Motion Range= 0.5 to -0.38 rad 
 
*Power Model Prediction= 88.44 W 
 
*Motion Speed= 0.3  rad/s 
 
*Motion Range= 0.06 to -0.095 rad 
 
*Power Model Prediction= 86.04 W 
 
*Motion Speed= 0.3  rad/s 
 
 
*Motion Range= 0 to 0.76 rad 
 
*Power Model Prediction= 92.83 W 
 
*Motion Speed= 0.3  rad/s 
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iv. Right Ankle Pitch                                                                                           
 
  
v. Right Ankle Roll                                                                                           
  
 
 
 
 
 
 
 
 
 
*Motion Range= -.02 to -0.38 rad 
 
*Power Model Prediction= 88.77W 
 
*Motion Speed= 0.3  rad/s 
 
 
 
*Motion Range= -.02 to -0.38 rad 
 
*Power Model Prediction= 88.52W 
 
*Motion Speed= 0.3  rad/s 
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F. Hardware Validation Experiments 
 
The power predicted by the mathematical model was validated through Hardware 
measurements performed on HUBO. A high precision high power shunt with a resistance of 
0.01Ω shown in Figure 7 was built to perform validation experiments. A fuse was added to the 
shunt to prevent damages to HUBO due to high currents and a diode was added to the shunt to 
assure current only flows in one direction. A fan was added to provide cooling under high loads 
which also improved the sensitivity of the shunt as per the datasheet. Initial experiments were 
done in a Test Rig that was built to simulate the characteristics of HUBO. Figure 6 shows the 
Test Rig used for initial experiments. 
                                                       
                                                   Figure 6: Test Rig used for preliminary experiments 
                                              
             Figure 7:  Shunt Design 
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A Hewlett Packard 34401A multimeter with a voltage sensitivity of +-3.5 μV and a 
current sensitivity of 10 nA was used to measure the current and voltage for various trajectories. 
The multimeter was connected through a GPIB cable to the computer so that it can communicate 
with the computer. Figure 8 depicts the experimental setup. 
         
Figure 8: Hardware Validation Experimental Setup 
 
There was no hardware software platform to record the current for HUBO for any given 
motion. In order to solve this problem a LabVIEW program was written to record both Voltage 
and Current data along with time into Excel Sheets. Figure 9 and 10 depicts the LabVIEW 
program used for measurements.  
 
                     
                                        Figure 9: Front Panel LabVIEW VI used for power recordings 
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              Figure 10: LabVIEW Program to measure Voltage and Current 
 
The following validations were performed for joint movements of the HUBO Robot 
when it was operating with Wall power and Battery Power. The trajectories were run 10 times 
and the average current was recorded and multiplied by the voltage which is constant to obtain 
the power consumption.  
 
A. The current was directly measured through the Ammeter and multiplied by the 
voltage to obtain the power consumption. 
 
B. The voltage drop across the shunt was divided by the shunt resistance to obtain the 
current and then multiplied by the voltage to get the power consumption. 
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a. Power Readings recorded via Ammeter – Wall Power 
 
i.Comparison Table Multimeter Wall Power 
 
Table 2 shows the power consumption for HUBO’s upper body and lower body measured 
using the hardware setup shown in Figure 11 along with the power model’s predicted power 
consumption. The hardware measurements were performed by connecting an Ammeter in series 
to HUBO and recording the current while each joint trajectory was moved 10 times for a 
specified range. The average current was multiplied by the voltage to obtain the total power 
consumption for the given trajectory. The last column of Table 1 shows the standard deviation of 
the measured current values. The power models predicted power consumption was obtained by 
running the algorithm depicted in Figure 5.  
 
     
                                         Figure 11: Hardware setup to measure power consumption  
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                                                      Table 2: Comparison Table Multimeter Wall Power 
Trajectory 
Motion 
Range(rad) 
Current(A) Power(W) 
Power 
Model(W) 
Percentage 
Error 
STDV of 
Current 
Joint Trajectories  
i.Upper Body  
WST 0.5 to -0.5 1.516 85.19 83.16 2.39 0.022 
RSP 0 to -1.7 1.529 85.95 85.08 1.01 0.042 
RSR 0 to -1.2 1.518 85.29 84.66 0.74 0.046 
RSY 0to -1.2 1.492 83.87 82.93 1.13 0.013 
REP 0 to -1.4 1.518 85.30 82.82 2.90 0.019 
RWY 0 to -1.57 1.500 84.27 82.56 2.04 0.009 
RWP 0 to - 1 1.521 85.48 82.88 3.04 0.033 
                    ii.Lower Body 
 
 
RHR 0.06 to -0.095 1.299 72.98 86.04 17.90 0.042 
RHP 0.5 to - 0.38 1.327 74.56 88.44 18.62 0.054 
RKP 0 to 0.76 1.364 76.68 92.83 21.06 0.057 
RAP -.02 to -0.38 1.306 73.39 88.77 20.96 0.025 
RAR -0.09 to 0.09 1.302 73.20 88.52 20.93 0.023 
           iii.Power Distribution  
Power Board N/A 0.085 4.785 N/A N/A 0.00006 
Power Board and Computers N/A 0.305 17.17 N/A N/A 0.002 
Power Board and Motor 
Boards 
N/A 0.885 49.72 N/A N/A 0.0041 
Power Board ,Motor Boards, 
Computers 
N/A 1.125 63.23 N/A N/A 0.0019 
Power Board ,Motor Boards, 
Computers Homed(air) 
N/A 1.267 71.19 N/A N/A 0.0021 
Power Board ,Motor Boards, 
Computers Homed(ground) 
N/A 1.457 81.86 N/A N/A 0.004 
Homing N/A 1.643 92.32 N/A N/A 0.454 
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ii.Comparison Plots of Multimeter Measurements vs Power Model 
1.Upper Body 
   
The comparison between the measured power and the power models predicted power can 
be seen in Figure 12. The model does not account for frictional and air resistant losses of the 
robot. Hence, the measured value is higher than the predicted value for the upper body. 
 
                 
                 
                                                  Figure 12: Upper Body Power Comparison 
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2. Lower Body 
 
The comparison between the measured power and the power models predicted power for 
the lower body can be seen in Figures 13. The model was developed for HUBO standing on the 
Ground. The Ammeter measurements were taken when HUBO was extended in the air on a 
hoist. When HUBO is on the ground the motors supply a larger torque to perform the same joint 
movements. As a result the Model predicts more power than the actual measured power. 
 
 
           
                                                   Figure 13: Lower Body Power Comparison 
 
iii.Power Distribution Pie Chart Wall Power – Ammeter 
 
The power distribution of HUBO was analyzed in order to develop the power model. The 
amount of power consumed by the Power Board, Computers and Fans, Motor Boards and 
sensors and Motors were obtained through measurements.  
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1.Idle Power Distribution 
The power distribution results when HUBO is at idle are shown in Table 3 and 
graphically depicted through a pie chart shown in Figure 14.  
 
                           Table 3: Idle Power Distribution Wall Power- Direct Ammeter 
     Power(W) Percentage(%) 
Power Board  4.785 6.720 
Computers and Fans 12.38 17.39 
Motor Boards and Sensors 44.94 63.12 
Motors  9.09 12.77 
Total 71.195 100 
 
                    
                                             Figure 14: Idle Power Distribution Pie Chart 
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2.Homed Power Distribution 
The power distribution results when HUBO is homing are shown in Table 4 and 
graphically depicted through a pie chart shown in Figure 15. Figure 16 shows a comparison of 
the power distribution of HUBO when it is Idle compared to when it is Homing. 
 
                            Table 4: Homed Power Distribution Wall Power-Direct Ammeter 
  Power(W) Percentage 
Power Board 4.785 5.182 
Computers and Fans 12.382 13.41 
Motor Boards and Sensors 44.940 48.68 
Motors   30.219 32.73 
Total  92.326  100 
 
              
                                                      Figure 15: Homed Power Distribution Pie Chart 
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                                          Figure 16: Idle vs Homing power consumption 
 
b. Power Readings Recorded via Shunt Voltage Drop - Wall Power 
Table 5 shows the power consumption for HUBO’s upper body and lower body measured 
using the hardware setup shown in Figure 17 along with the power model’s predicted power 
consumption. The hardware measurements were performed by connecting a Voltmeter in parallel 
to HUBO and recording the voltage drop across a shunt while each joint trajectory was moved 10 
times for a specified range. The voltage drop was divided by the shunt resistance to obtain the 
current. The average current was multiplied by the voltage to obtain the total power consumption 
for a given trajectory. The power models predicted power consumption was obtained by running 
the algorithm depicted in Figure 5.  
              
 
                                         Figure 17: Hardware setup to measure power consumption 
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i.Comparison Table Multimeter Wall Power 
 
                                                Table 5: Comparison Table Voltmeter Shunt Wall Power 
Trajectory 
Motion 
Range(rad) 
Current(A) Power(W) 
Power 
Model(W) 
Percentage 
Error 
STDV of 
Current 
Joint Trajectories  
i.Upper Body  
WST 0.5 to -0.5 1.551 87.15 84.20 3.385 0.020 
RSP 0 to -1.7 1.550 87.12 86.12 1.145 0.040 
RSR 0 to -1.2 1.541 86.59 85.70 1.031 0.045 
RSY 0to -1.2 1.524 85.63 83.97 1.935 0.007 
REP 0 to -1.4 1.541 86.62 83.86 3.179 0.018 
RWY 0 to -1.57 1.518 85.29 83.62 1.961 0.008 
RWP 0 to - 1 1.541 86.62 83.92 3.110 0.029 
                    ii.Lower Body 
 
 
RHR 0.06 to -0.095 1.306 73.40 87.09 18.656 0.042 
RHP 0.5 to - 0.38 1.334 74.97 89.49 19.372 0.055 
RKP 0 to 0.76 1.373 77.16 93.87 21.660 0.059 
RAP -.02 to -0.38 1.313 73.78 89.82 21.737 0.025 
RAR -0.09 to 0.09 1.301 73.11 89.57 22.501 0.020 
            iii.Power Distribution  
Power Board N/A 0.088 4.946 N/A N/A 0.0002 
Power Board and Computers N/A 0.294 16.51 N/A N/A 0.007 
Power Board and Motor Boards N/A 0.886 49.79 N/A N/A 0.006 
Power Board ,Motor Boards, 
Computers 
N/A 1.088 61.15 N/A N/A 0.010 
Power Board ,Motor Boards, 
Computers Homed(air) 
N/A 1.285 72.20 N/A N/A 0.003 
Power Board ,Motor Boards, 
Computers Homed(ground) 
N/A 1.475 82.90 N/A N/A 0.006 
 N/A 1.655 93.00 N/A N/A 0.464 
                    Homing       
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ii.Comparison Plots of Multimeter Measurements vs Power Model 
1.Upper Body 
 
The comparison between the measured power and the power models predicted power can 
be seen in Figure 18. The model does not account for frictional and air resistant losses of the 
robot. Hence, the measured value is higher than the predicted value for the upper body.  
 
  
 
  Figure 18: Upper Body Power Comparison 
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2. Lower Body 
The comparison between the measured power and the power models predicted power can 
be seen in Figures 19. The model was developed for HUBO standing on the Ground. The 
voltmeter measurements were taken when HUBO was extended in the air on a hoist. When 
HUBO is on the ground the motors supply a larger torque to do the same chores. As a result the 
model predicts more power than the real measured power. 
 
 
                                                 Figure 19: Lower Body Power Comparison 
 
iii.Power Distribution Pie Chart Wall Power - Voltmeter 
 
The power distribution of HUBO was analyzed in order to develop the power model. The 
amount of power consumed by the Power Board, Computers and Fans, Motor Boards and 
Sensors and Motors were obtained through measurements.  
 
 
70
75
80
85
90
95
100
0 1 2 3 4 5 6
Power(W) 
 
Lower Body: Power Comparison 
Voltmeter
Model
          RHR       RHP      RKP      RAP        RAR 
46 
 
1. Idle Power Distribution 
 
The power distribution results when HUBO is idle are shown in table 6 and graphically 
depicted through a pie chart shown in Figure 20.  
 
                          Table 6: Idle Power Distribution Wall Power- Voltage Shunt 
  Power(W) Percentage 
Power Board 4.946 6.850 
Computers and Fans 11.56 16.013 
Motor Boards and H Bridge 44.84 62.10 
Motors and H Bridge 10.86 15.03 
Total 72.20 100 
 
 
  
   
 
                                        Figure 20: Idle Power Distribution Pie Chart 
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2.Homed Power Distribution 
 
The power distribution results when HUBO is homing are shown in Table 7 and 
graphically depicted through a pie chart shown in Figure 21. Figure 22 shows a comparison of 
the power distribution of HUBO when it is Idle compared to when it is Homing. 
 
                                    Table 7: Homed Power Distribution Wall Power- Voltage Shunt 
  Power(W) Percentage 
Power Board 4.946 5.318 
Computers and Fans 11.56 12.43 
Motor Boards and H Bridge 44.84 48.22 
Motors   31.65 34.03 
Total  93.00 100 
                                     
  
 
   
                                      Figure 21: Homed Power Distribution Pie Chart 
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                                            Figure 22: Idle vs Homing power consumption 
c. Power Readings Recorded via Voltmeter - Battery Power Shunt Method 
i.Comparison Table Voltmeter Battery Power 
Table 8 shows the power consumption for HUBO’s upper body and lower body measured 
using the hardware setup shown in Figure 23 along with the power model’s predicted power 
consumption. The hardware measurements were performed by connecting a Voltmeter in parallel 
to HUBO and recording the voltage drop across a shunt while each joint trajectory was moved 10 
times for a specified range. The voltage drop was divided by the shunt resistance to obtain the 
current. The average current was multiplied by the voltage to obtain the total power consumption 
for the given trajectory. The power models predicted power consumption was obtained by 
running the algorithm depicted in Figure 5.  
                        
                                              Figure 23: Hardware setup to measure power consumption  
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                                         Table 8: Comparison Table Voltmeter Shunt Battery Power 
Trajectory 
Motion 
Range(rad) 
Current(A) Power(W) 
Power 
Model(W) 
Percentage 
Error 
STDV of 
Current 
                                                                        Joint Trajectories  
                                                                         i.Upper Body  
WST 0.5 to -0.5 1.452 75.77 71.95 5.040 0.023 
RSP 0 to -1.7 1.465 76.49 73.87 3.420 0.046 
RSR 0 to -1.2 1.444 75.36 73.45 2.526 0.050 
RSY 0to -1.2 1.419 74.09 71.73 3.187 0.007 
REP 0 to -1.4 1.444 75.36 71.62 4.960 0.019 
RWY 0 to -1.57 1.429 74.57 71.37 4.294 0.009 
RWP 0 to - 1 1.458 76.08 71.68 5.788 0.031 
    ii.Lower Body 
 
 
RHR 0.06 to -0.095 1.386 72.33 74.84 3.468 0.047 
RHP 0.5 to - 0.38 1.403 73.23 77.25 5.488 0.062 
RKP 0 to 0.76 1.459 76.16 81.63 7.177 0.062 
RAP -.02 to -0.38 1.408 73.49 77.57 5.556 0.028 
RAR -0.09 to 0.09 1.404 73.27 77.32 5.530 0.023 
                                                                        iv.Power Distribution  
Power Board N/A 0.065 3.498 N/A N/A N/A 
Power Board and Computers N/A 0.283 14.93 N/A N/A N/A 
Power Board and Motor Boards N/A 0.900 47.53 N/A N/A N/A 
Power Board ,Motor Boards, 
Computers 
N/A 1.128 59.129 N/A N/A N/A 
Power Board ,Motor Boards, 
Computers Homed(air) 
N/A 1.297 67.72 N/A N/A N/A 
Power Board ,Motor Boards, 
Computers Homed(ground) 
N/A 
1.367 70.66 
N/A 
 
 
N/A 
 
 
N/A 
 
 
Homing N/A 1.728 89.00 N/A N/A N/A 
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ii. Comparison Plots of Multimeter Measurements vs Power Model 
1.Upper Body 
 
The comparison between the measured power and the power models predicted power can 
be seen in Figures 24. The model does not account for frictional and air resistant losses of the 
robot. Hence, the measured value is higher than the predicted value for the upper body.  
 
 
 
 
                                                Figure 24: Upper Body Power Comparison        
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2. Lower Body 
 
The comparison between the measured power and the power models predicted power can 
be seen in Figures 25. The model was developed for HUBO standing on the Ground. The 
voltmeter measurements were taken when HUBO was extended in the air on a hoist. When 
HUBO is on the ground the motors supply a larger torque to perform the same chores. As a result 
the model predicts more power than the real measured power. 
 
 
                                                         Figure 25: Lower Body Power Comparison 
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iii.Power Distribution Pie Chart Battery Power - Voltmeter 
 
The power distribution of HUBO was analyzed in order to develop the power model. The 
amount of power consumed by the Power Board, Computers and Fans, Motor Boards and 
Sensors and Motors were obtained through measurements. The Results are shown below. 
Measurements were taken when HUBO was Idle and Homing.  
1.Idle Power Distribution 
The power distribution results when HUBO is idle are shown in Table 9 and graphically 
depicted through a pie chart shown in Figure 26.  
 
                                          Table 9: Idle Power Distribution Battery Power - Voltage Shunt 
  Power(W) Percentage(%) 
Power Board 3.498 5.166 
Computers and Fans 11.43 16.87 
Motor Boards and Sensors 44.03 65.01 
Motors and H Bridge 8.768 12.95 
Total 67.724 100 
 
         
                                                     Figure 26: Idle Power Distribution Pie Chart                
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2.Homed Power Distribution 
 
The power distribution results when HUBO is at idle are shown in Table 10 and 
graphically depicted through a pie chart shown in Figure 27. Figure 28 shows a comparison of 
the power distribution of HUBO when it is Idle compared to when it is Homing. 
 
                                 Table 10: Homed Power Distribution Battery Power - Voltage Shunt 
      Power(W) Percentage 
Power Board 3.498 3.931 
Computers and Fans 11.428 12.84 
Motor Boards and Sensors 44.03 49.47 
Motors   30.04 33.75 
Total  88.995  100 
 
 
        
                                                   Figure 27: Homed Power Distribution Pie Chart 
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                                                            Figure 28: Idle vs Homing Power Consumption 
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Chapter 3 - Dynamic Power Management 
 
While performing both power intensive trajectories and power non intensive trajectories 
it was realized that HUBO has potential to conserve power through dynamic power management. 
With the exception of Homing, in general only a couple of joints are moved in a given trajectory. 
Hence powering up the entire robots motors and motor boards are unnecessary. As long as the 
computers, power board and fans are powered the motor boards and the motors that are not used 
to perform a specific trajectory can be switched off. HUBO’s motor boards have two major 
terminals which supplies power. The 48 V which supplies power to the Motors and the H Bridge 
and the 12 V supply which operates various micro controllers. The 48V supply had the potential 
to be shut off using external hardware. Since shutting down the 12V supply could interrupt the 
CAN protocol it did not have the potential to be shut down. Table 11 shows all the types of 
motor boards that exist in HUBO. Figure 29 depicts all the different motor boards used in 
HUBO. 
          
                                                           Table 11: Types of Motor Boards in HUBO 
Type Joint Num. of board Channel 
1 Shoulder Pitch Roll 2 2 
Hip Pitch 2 2 
Hip Yaw Roll 2 1 
Knee 2 1 
Ankle Pitch Roll 2 2 
2 Shoulder Yaw Elbow Pitch 4 2 
3 Wrist Yaw Pitch 2 2 
4 Hand 2 5 
5 Neck 1 3 
6 Waist 1 1 
   Total PCB Total Motor  
20 21 
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Figure 29: Different Motor Boards of HUBO 
 
A. Hardware Design 
 
 A relay controlled through a micro controller shown in Figure 30 was designed in order 
to simulate switching the power of an individual motor board. The design connects Molex 
connectors to the 48 V supply terminal and runs it through a relay and controls the opening and 
closing of the relay through and Arduino Mega 2560 Micro Controller’s digital output pins. 
When the digital pin is set to high the Arduino supplies 5V to the relay, activates the coil and 
switches the relay from normally close to normally open. This electrically shuts the power going 
into the motor board. Even though the Figure30 shows the hardware setup for both the 12 V and 
48 V the 12 V was not simulated. Figure 31 shows the Arduino code used perform the switching. 
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           Figure 30: Hardware Design to shut down one motor board 
 
                                  
                                            Figure 31: Arduino Code to control a relay 
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The design shown in Figure 30 has been upgraded with multiple relays so that more than 
one motor board can be shutdown in any given instance. One issue that came up was the inability 
of the Arduino Mega 2560 to shut down more than 3 relays with its current capacity. In order to 
address this issue a MOSFET circuit along with a diode and an external power supply was 
designed to perform the switching as shown in Figure 32. The extra current is supplied through 
the external power supply while the Switching is controlled by the MOSFET. The Arduino gives 
a signal to the MOSFET so it activates itself and performs the switching and supplies necessary 
current to control the relay. An LED was added to each individual relay through the Gate and 
Source of the MOSFET to visualize the switching of the relay. The Arduino was programmed so 
that initially all the relays were normally closed for 10 seconds and then switched to normally 
open. This was done so that at the start all the motors and motor boards were receiving power  
and then shut down as necessary.  
               
                        Figure 32: Hardware designed to shut down multiple motor boards(Normally Closed) 
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               Figure 33: Hardware designed to shut down multiple motor boards (Normally Opened) 
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Figure 34: Designed Circuit 
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B. Shut Down Schemes 
 
Different Shut Down schemes were analyzed to observe how much power can be saved 
by shutting down various motor boards. When HUBO is idle or idle and homed the power supply 
to all the motor boards can be shut down as long as the computers and power board receives 
power. For Dynamic trajectories the power can be shut down for the motor boards that are not 
used for the specific trajectory. For instance if the left shoulder pitch is in motion none of the 
motor boards in the left arm should be shut down. There are 15 motor boards (6 in the upper 
body and 9 in the lower body) that can be shut down as shown below. 
Upper Body 
a.Right Shoulder Pitch Right Shoulder Role Motor Board(RSP&RSR) 
b.Right Elbow Pitch Right Shoulder Yaw Motor Board(REP&RSY) 
c.Right Wrist Pitch Right Wrist Yaw Motor Board(RWP&RWY) 
d.Left Shoulder Pitch Left Shoulder Role Motor Board(LSP&LSR) 
e.Left Elbow Pitch Left Shoulder Yaw  Motor Board(LEP&LSY) 
f.Left Wrist Pitch Right Left Yaw  Motor Board(RWP&RWY) 
Lower Body 
g.Waist Motor Board(WST) 
h.Right Hip Role Right Hip Yaw Motor Board(RHR&RHY) 
i.Right Hip Pitch Motor Board(RHP) 
j.Right Knee Pitch Motor Board(RKP) 
k.Right Ankle Pitch Right Ankle Role Motor Board(RAP&RAR) 
l.Left Hip Role Right Hip Yaw Motor Board(LHR&LHY) 
m.Left Hip Pitch Motor Board(LHP) 
n.Left Knee Pitch Motor Board(LKP) 
o.Left Ankle Pitch  Right Ankle Role Motor Board(LAP&LAR) 
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a.HUBO Idle not Homed 
 
 This scheme shows the potential power savings that can be obtained when HUBO is 
powered through the wall and extended in the air using a hoist when it is idle and not homed. 
The total current supplied to HUBO was measured through a multimeter interfaced with a 
LabVIEW program for 10 minutes. The voltage stayed constant throughout the time which was 
also measured through a multimeter to obtain the power consumption. The results are shown in 
Table 12.  Figure 35 shows HUBO’s idle non homed position. The voltage was constant at 
56.2V. 
                                            
                                               Figure 35: HUBO Idle Non Homed 
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                                      Table 12: Idle non Homed Power Savings 
Idle Shut Down Scheme                                                                  
own Schemes 
Current(A) Power(W)   Savings(W)  %  % Savings 
          
IDLE  1.0953 60.92 N/A  N/A 
WST 1.0897 60.61 0.31 0.514 
WST,LHY&LHR 1.0826 60.21 0.71 1.168 
WST,LHY&LHR,RHY&RHR 1.0725 59.65 1.27 2.109 
WST,LHY&LHR,RHY&RHR,LHP 1.0627 59.11 1.81 3.042 
WST,LHY&LHR,RHY&RHR,LHP,RHP 1.0609 59.01 1.91 3.236 
WST,LHY&LHR,RHY&RHR,LHP,RHP,LKP 1.0564 58.76 2.16 3.668 
WST,LHY&LHR,RHY&RHR,LHP,RHP,LKP,RKP 1.0515 58.49 2.43 4.145 
WST,LHY&LHR,RHY&RHR,LHP,RHP,LKP,RKP,LAP&LAR 1.0466 58.21 2.71 4.632 
WST,LHY&LHR,RHY&RHR,LHP,RHP,LKP,RKP,LAP&LAR,RAP&RAR 1.0362 57.63 3.29 5.651 
          
2. Upper Body         
IDLE 1.0907 60.6666 0.0000 N/A 
LEP 1.0836 60.2709 0.40 0.652 
LEP,REP 1.0794 60.0349 0.63 1.048 
LEP,REP,LSP 1.0731 59.6859 0.98 1.634 
LEP,REP,LSP,RSP 1.0709 59.5632 1.10 1.849 
          
Total Savings by shutting all the 48 V motor boards =  4.392841885       
Power Savings Percentage in comparison to total idle power= 6.52%       
 
 
The upper body and lower body were analyzed separately due to safety concerns. 
Approximately a total power of 4.39 W can be saved by shutting down all the motor boards of 
HUBO when it is idle except the Neck, Right Wrist Pitch, Left Wrist Pitch and the Finger Motor 
Boards. Figure 36 and 37 show a graphical depiction of the power savings when the motor 
boards of the upper body and lower body are powered off. The figures start with idle power and 
then progresses towards the right as each motor board is powered off. The abscissa of each bar 
corresponds to a motor board on HUBO.  
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                                                              Figure 36: Power savings lower body 
 
               
                                                                   Figure 37: Power savings upper body 
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b. HUBO Idle Homed 
 
This scheme shows the potential power savings that can be obtained when HUBO is 
powered through the wall, homed and extended in the air using a hoist. The total current supplied 
to HUBO was measured through a multimeter interfaced with a LabVIEW program for 10 
minutes. The voltage stayed constant throughout the time which was also measured in order to 
obtain the power. The resultant power savings are shown in Table 13. Figure 38 shows HUBO’s 
homed position. The voltage was constant at 56.2 V throughout the experiment. 
                             
                                                Figure 38: HUBO’s Homed Position 
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                                              Table 13: Idle Homed Power Savings 
 
The upper body and lower body was analyzed separately due to safety concerns. 
Approximately a total power of 9.16 W can be saved by shutting down all the motor boards of 
HUBO when it is idle except the Neck, Right Wrist Pitch, Left Wrist Pitch and the Finger Motor 
Boards. Figure 39 and 40 show a graphical depiction of the power savings when the motors 
boards of the upper body and lower body are powered off. The figures start with idle power and 
Idle Homed Shutdown Schemes Current(A) Power(W) Savings(W) % Savings 
         
1. Lower Body        
IDLE  1.279 71.132 0.000 N/A 
WST 1.271 70.699 0.433 0.609 
WST,LHY&LHR 1.247 69.375 1.757 2.485 
WST,LHY&LHR,RHY&RHR 1.243 69.141 1.991 2.870 
WST,LHY&LHR,RHY&RHR,LHP 1.226 68.214 2.919 4.221 
WST,LHY&LHR,RHY&RHR,LHP,RHP 1.219 67.776 3.356 4.920 
WST,LHY&LHR,RHY&RHR,LHP,RHP,LKP 1.218 67.766 3.366 4.967 
WST,LHY&LHR,RHY&RHR,LHP,RHP,LKP,RKP 1.193 66.338 4.794 7.075 
WST,LHY&LHR,RHY&RHR,LHP,RHP,LKP,RKP,LAP&LAR 1.169 65.019 6.113 9.215 
WST,LHY&LHR,RHY&RHR,LHP,RHP,LKP,RKP,LAP&LAR,RAP&RAR 1.165 64.812 6.321 9.721 
      
2. Upper Body     
IDLE 1.282 71.310 0.000 N/A 
LEP 1.274 70.869 0.441 0.618 
LEP,REP 1.270 70.652 0.658 0.928 
LEP,REP,LSP 1.253 69.679 1.632 2.309 
LEP,REP,LSP,RSP 1.230 68.413 2.898 4.159 
      
Total Savings by shutting  the 48 V supply to each motor boards 
= 
        9.16 
 
     
          
Power Savings Percentage in comparison to the total idle 
Power = 
      12.87%      
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then progresses towards the right as each motor board is powered off. The abscissa of each bar 
corresponds to a motor board on HUBO.  
 
 
                                                     
                                    Figure 39: Power savings lower body 
            
                                                         Figure 40: Power savings upper body 
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c. Dynamic Trajectories 
 Through this scheme the power savings of joint movements were analyzed when 
the motor boards unused for a given trajectory are shut down. For instance the total power 
savings in moving the right hand while shutting the left Hand. The total current supplied to 
HUBO was measured through a multimeter interfaced with a LabVIEW program for 10 minutes. 
The voltage which stayed constant throughout the time was also measured in order to obtain the 
power. The resultant power savings are as follows. Experiments were done using both Battery 
and Wall Power.  
 
                                                Table 14: Dynamic Trajectories Power Savings 
Idle Homed Shutdown Schemes 
(AIR) 
   Joint     
Measured 
Dynamic 
Power (W) 
Shut Down 
Power(W) 
Savings(W) 
 
 
 %Savings 
 
 
      
1.WST,LHY&LHR,RHY&RHR,LHP,RHP,LKP,RKP,  
RSP                         
70.86 69.30 1.56 2.20 
   LAP&LAR,RAP&RAR     (Wall Power) 
LSP 
69.82 67.16 2.66 3.82 
 
LSR 
69.45 67.11 2.34 3.37 
 
Neck 
71.47 65.22 6.25 8.75 
 
LSY 
68.49 66.98 1.51 2.20 
 
LEP 
69.05 66.58 2.48 3.59 
 
RSR 
69.84 68.26 1.58 2.26 
 
RSY 
68.24 67.20 1.03 1.52 
                                                                                                                            
REP Idle 90 
74.29 68.78 5.51 7.42 
 
RSR Idle at 90 
74.65 68.97 5.68 7.61 
  
RSP Idle at 90  
75.16 69.30 5.86 7.79 
 
RSR LSR IDLE 90 
78.25 70.78 7.47 9.55 
 
RSP LSP  IDLE 90 
77.99 71.15 6.84 8.77 
 
Testure 
77.09 70.47 6.62 8.59 
 
    
 
2. Ground(Wall Power) 
Neck 
72.22 70.90 1.32 1.83 
 
REP 
73.27 72.94 0.32 0.44 
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Figure 41 shows a graphical depiction of the power savings when all the motor boards in 
both the legs are powered off and the upper body joints are idle or in motion for wall power. 
Figure 42 and 43 depicts a graphical representation of the power savings when the motor boards 
in the left hand are powered off and the right hand is in motion for both wall and battery power. 
Normal motion corresponds to the power consumption when no motor board is shut off and a 
joint is in motion.  
 
 
  
RSP 
75.57 73.70 1.86 2.47 
 
RSR 
74.31 72.30 2.01 2.70 
 
RSY 
73.27 71.26 2.01 2.74 
 
RWP 
74.75 73.37 1.38 1.85 
 
RWY 
73.27 71.77 1.51 2.06 
 
    
 
3. Ground(Battery Power) 
Neck 
68.02 66.75 1.27 1.86 
 
REP 
71.32 69.35 1.97 2.76 
  
RSP 
73.02 70.96 2.07 2.83 
 
RSR 
72.10 70.10 2.00 2.77 
 
RSY 
70.61 68.44 2.17 3.08 
 
RWP 
71.88 70.35 1.53 2.13 
 
RWY 
69.76 68.82 0.95 1.36 
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                                          Figure 41 : Power Savings Legs powered off 
 
                                                 Figure 42: Power savings left hand powered off 
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                                               Figure 43: Power savings left hand powered off 
 
C. Power Consumption of the Designed Circuit to simulate Smart Power 
Management. 
 
 The designed circuit shown in Figure 34 consists of diodes, relays, MOSFETs, LEDs, 
jumper wires, a few breadboards and an Arduino Mega 2560 Micro Controller and an external 
power supply. The power consumed by the board to switch different amounts of relays were 
tested using a multimeter and a LabVIEW program. Each relay was programmed so that it was 
normally closed for 10 seconds and normal open for 10 seconds. The results are as follows. 
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                                                     Table 15: Designed Circuit Power Consumption 
Relays Voltage(V)             Current(A)        Power 
Consumption(W) 
1 5 1.9E-05 9.5E-05 
6 5 9.5E-05 0.0005 
13 5 0.0007 0.0033 
21 5 0.0003 0.0013 
25 5 0.0004 0.0015 
 
 
                                                   Figure 44: Power Consumption to switch relays 
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D. Analysis and Possible Energy Efficiency Improvements 
 
 After analyzing the shutdown schemes above, it is clear that shutting down the power 
supplied to the 48 V terminal of a motor board conserves power. The best case scenario would be 
to shut down the 48 V supply of many motor boards as possible. For instance both the 48 V 
power supply of all the motor boards in the left hand, left leg, right leg and waist can be shut off  
except the  motor boards in the right hand in analyzing the power consumption for  
RSP,RSR,REP,RWP,RWY . Most of the trajectories of HUBO are performed when HUBO is 
extended in the air through a hoist. A significant percentage of the time HUBO is turned and left 
idle in performing testing. When HUBO is homed at idle a total power of 9W can be saved by 
shutting down all the motor boards which is 12% of its total idle power. 
 However, for any task based realistic application the robots lower body (both the legs and 
the waist) should be always powered. Hence the only motor boards that can be shut down are the 
ones in the Right hand, left hand, neck and waist. This would save an average power of 3 Watts. 
The designed circuit used to simulate smart power management uses only 0.001 W to switch the 
relays from normally opened to normally closed. It also enables the operator to dynamically 
manage the power as necessary and thereby conserve power. The design also enables the user to 
quickly shut down the power of an individual joint and power it back up within seconds with 
ease and no errors on the software or hardware on HUBO. 
As the next steps the designed hardware can be added onto the existing motor boards of 
the HUBO humanoid robot to implement dynamic power management. 
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Chapter 4 - Battery Super Capacitor Hybrid 
 Due to various issues the existing battery for HUBO can operate for only about 30 
minutes for high loads and around 1.5 hours for low loads. This Chapter explains a battery 
Supercapacitor hybrid design that would improve power efficiency by allowing extended 
operation time. The idea is to have the supercapacitors supply high loads and the battery supply 
low loads for a power intensive trajectory. As can be seen in Figure 45 the super capacitor would 
supply the peaks of the current plot (Red) when HUBO is performing Homing. This would 
reduce the stress on the battery and improve power efficiency of the entire system. 
 
 
                                                                 Figure 45: HUBO Homing Data 
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A. Existing Battery Design 
The existing battery is a lithium polymer battery constructed using 13 lithium polymer 
cells connected in series. Each cell has a nominal voltage of 3.8 V. The total voltage provided 
by the battery is 48V. The capacity of the existing battery is 7.8Ah. The cells are connected to 
each other through a cell connector on a PCB battery plate as depicted in figure 46.The PCB 
battery plate along with the cell connector and 13 cells together makes up the battery pack. The 
negative terminal of the battery pack is connected to a Protection Circuit Module (PCM) and the 
positive terminal is connected to the power connector board. The PCM prevents the battery 
overcharge and discharge. It also provides short circuit protection, current limitation, and 
voltage and current balancing for each cell. Two terminals Pack-c and Pack-l are connected to 
the connector board through the PCM. All these parts are thoroughly insulated initially using 
insulators and further protected using a black metal box. 
     
Figure 46: Existing Battery Design 
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a. Battery Plate and Connector Board 
 
         
Figure 47: Battery plate and power connector of existing battery 
 
 
 The battery plate connector is made of a PCB board with lead vias connecting every cell 
to each other through a white cell connector as seen in Figure 47. All positive and negative plates 
are assembled and welded separately and accumulated at the two ends where the red and black 
wires run to the PCM and the power connector. The black wire or negative terminal along with 
the wires in the cell connector connects to the PCM while the red wire or positive terminal is 
connected to the Load+ of the power connector. The black wire is further connected through the 
PCM to the Load- of the power connector. A special fluid has been added in soldering the each 
cell to the PCB board for improved protection. The battery plate also has a temperature sensor 
mounted at the corner to monitor battery temperature. 
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b. PCM (Protection Circuit Module) of Existing Battery 
 
                       
Figure 48: Protection Circuit Module of the existing Battery 
 
The protection circuit module is imbedded in the battery or embedded in the battery 
charger. The PCM of the existing battery was imbedded into the battery. A PCM consists of the 
following components [27]. 
 
- Shutdown Separator (Disables the cell if its temperature is too high) 
- Tear-Away Tab (Disables the cell if its internal pressure is too high) 
- Vent (Releases built up internal pressure in a cell) 
- Thermal Interrupt (Disables a cell if it is being overcharged or if the current level 
used to charge it is too high) 
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B. Super Capacitor 
a. Concept of Super Capacitors 
Super capacitor also known as ultracapacitors or double layer capacitors crosses the 
boundary of a battery by having special electrodes and electrolyte. The super capacitor is widely 
used for storing energy that undergoes frequent charge discharge cycles at high current and short 
duration. This characteristic makes it an ideal candidate for peak load enhancers for hybrid 
vehicles and fuel cell applications. Supercapacitors are widely used in industry for the following 
applications [26]. 
 
a. Low supply current during longer times for memory backup in SRAM’s 
b. Power electronics that require very short, high current 
c. Recovery of braking energy for vehicles and elevators. 
 
Having a super capacitor in conjunction or imbedded with the battery would enable 
greater performance due to its ability to supply current for high loads within a short duration. 
Figure 49 depicts the type of Supercapacitors used for the design. 
 
            
                               Figure 49: Diagram of Cylindrical Supercapacitors 
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C. Battery Super Capacitor Hybrid Design 
a. Boost Converter Design 
i. Boost Converter Circuit 
A boost converter is required for the battery Supercapacitor hybrid so that the combined 
voltage of 10 Supercapacitors (around 27 V) can be boosted to 48 V so that it can operate in 
tandem with the Battery. A basic Boost Converter Design is shown in Figure 50. When the 
switch is on, the diode is reverse biased and the output is isolated. The input supplies energy to 
the inductor. When the switch is off the output receives energy from the inductor as well as from 
the input. Hence the voltage is increased.  The output filter capacitor is assumed to be very large 
to assure constant output voltage [34].  
        
Figure 50: Boost Converter Circuit 
ii. Parameter Selection  
 
 Boost converter design for an input voltage of 27 V  to give an output voltage of 52 V 
with a Load resistance of 50 Ω. 
 Vs=27V  Vo =52V      RL=50 Ω 
 Duty Cycle  (D) = 1 - Vs/Vo  = 0.48 
 Switching Frequency = 25 KHz 
 Minimum Inductance (Lmin) = D(1-D)
2
(RL)/ 2*f = 129μH 
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 To provide a margin to ensure continuous current add 20% to get the total inductance 
 L = 154 μH 
 IL =   Vs/(1-D)
2
(RL) = 1.9 A 
 Minimum capacitance to limit output ripple voltage to 1% C=  D/ RL(δv0/v)f = 38 μF 
 
 
 
                  
                            Figure 51: Boost Converter used for the battery supercapacitor Hybrid 
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iii. Test Experiments 
 
The average input current and output current of the boost converter was recorded when 
the load at the output was 48 Ω. Figure 52 shows the average input and output current plots. 
   
   
                   Figure 52: Input and Output Current for the boost converter for a load of 48 Ohms 
            
          *Efficiency =  (51.6*1.05) /(22.8*2.55)*100%  = 93.5% 
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b. Buck Converter Design 
i. Buck Converter Circuit 
 
A buck converter is required for the battery Supercapacitor hybrid to enable the 
Supercapacitor bank to charge through the Battery when it is not in operation. Since the battery 
is at 48 V it should be stepped down to 27 V to charge the Super capacitor bank. A basic Buck 
converter is shown in Figure 53. During the interval when the switch is on the diode is reverse 
biased and the input provides energy to the load as well as the inductor. When the switch is off 
the inductor current flows through the diode and transfers some of its energy to the load [34].  
 
 
Figure 53: Buck Converter Circuit 
ii. Parameter Selection 
 Buck converter design for an input voltage of 52V to give an output voltage of 27 V 
with a Load resistance of 50 Ω. 
 Vs=52V  Vo =27V      RL=50 Ω 
 Duty Cycle  (D) = Vo /Vs  = 0.519 
 Switching Frequency = 25 KHz 
 Minimum Inductance (Lmin) = Vout(1-D)/fswδIL = 0.39mH 
 L = 154 μH 
 C=  1-D/ (δv0/v)(8L)(nfsw)
2
 = 0.16 nF 
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iii. Test Experiments 
The average input current and output current of the boost converter was recorded when the 
load at the output was 48 Ω. Figure 54 shows the average input and output current plots. 
 
 
 
                              Figure 54: Input and Output Current Buck Converter for a load of 24 ohms 
                               
*Efficiency =   (26.17*1.058) /(51.2*0.65)*100%  = 83% 
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c. Current Tracker Circuit 1 
i. Circuit Design 
 
When the load is high the power should be supplied through the supercapacitor bank 
while when the load is normal or low the battery should supply power. To decide when the 
battery should power the load vs when the supercapacitor bank should power the load the current 
should be tracked in the design. The following circuit shown in Figure 55 was used to track the 
current. Figure 56 shows the circuit designed on a breadboard for testing purposes. 
               
Figure 55: Current Tracker Circuit 1 
 
                         
   Figure 56: Current Tracker Circuit 1 on the Breadboard 
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 Figure 57: Arduino Code for Current Tracking 
 
ii. Parameter Analysis 
 
 Set Gain to 150 
 Vshunt x150 = V Arduino 
Vshunt = V Arduino / 150 
 Ishunt = Vshunt/R 
        = V Arduino/150*0.01 
        = V Arduino/1.5 
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iii. Test Experiments 
 
The current tracker was tested for a constant current as depicted in Figure 58 where the 
voltage and current was set to a constant value and for variable currents as shown in Figure 59.  
                   
                                                     Figure 58: Current Tracking at a constant current 
 
                   
                                            Figure 59: Current Tracking at Variable Currents 
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d.Current Tracker Circuit 2 
i. Circuit Design 
 
A second current tracker circuit was developed which had higher accuracy and consumed 
less power. ADS 1115, low power analog to digital converter was used along with an Arduino to 
track the current as can be seen in Figure 60. Figure 61 shows the Arduino code used for the 
current tracker. 
 
                                                              Figure 60: Current Tracker Circuit 2 
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                                          Figure 61: Arduino Code for current tracker circuit 2 
 
 
 
 
 
 
 
 
 
89 
 
ii. Parameter Analysis 
 
 The analog value for different current values was obtained and a linear regression was 
performed to obtain a general equation to obtain the current. The data recorded can is 
shown in Table 16 and plotted in Figure 62. 
 
                                    Table 16: Analog value vs current comparison 
Analog Value                               Current (mA) 
1 56.65 
2 67.42 
3 79.73 
80 1040 
81 1057.22 
82 1060.3 
 
 
                
                                 Figure 62: Relationship between current and analog value of the ADS1115 
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iii. Test Experiments 
 
The current tracker was tested for variable currents by changing the load as depicted in 
Figure 63. The voltage was set to 48 V and the loads were varied from 24Ω, 48Ω and 100Ω 
 
                              
                                               Figure 63: Current tracking plot at variable loads  
                          
 
e.Supercapacitor Balancer Circuits 
In a super capacitor network every capacitor has different characteristics in comparison to 
each other. As a result different capacitors have different leakage currents. In a series circuit the 
same current should flow through every capacitor. If there is no balancing circuit, in order to 
have the same current go through the capacitors the super capacitors needs to redistribute the 
charge between them by adjusting the voltage so that the leakage current of every capacitor is 
equal. This leaves the risk of one capacitor or more going over its voltage. If one capacitor leaks 
more current than the others it transfers more of its voltage to the other capacitors and have the 
risk of exceeding the rated voltage. Hence a balancer circuit is essential for the supercapacitor 
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bank of the Battery Supercapacitor Hybrid Design. There are two types of balancing that can be 
performed; active Balancing and passive balancing. 
i. Active Balancing 
 
The circuit built to perform active balancing can be seen in Figure 64.The 1N5819 diode 
blocks the power from entering back through the power supply. The comparator circuit reduces 
the voltage of supercapacitor to 2.65V if the voltage at the input goes above 1.2V. R1 is a 
protective resistor. The LM385 zener diode sets the references at 1.2 V at the negative input of 
the comparator. When the capacitor is charged to 2.65 V there is 1.26 V at the positive input of 
the comparator. When the positive input of the comparator has more voltage than the negative 
input of the comparator the output is turned on and the FET is activated. When the voltage on the 
capacitor is less than 2.65V the voltage at the positive input is lower than the voltage at the 
negative input which turns the comparator off and deactivates the FET. The current drained by 
the FET is limited by a power resistor. The resistor R2 is used to eliminate the offset voltage. By 
reducing the resistance of R4 to 69.8 KΩ the Supercapacitor voltage can be regulated at 
2.5V[35].  The cost of this circuit is around 10$. 
 
 
Figure 64: Supercapacitor Balancer Circuit 
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ii. Active Balancing Test Experiments 
The circuit was built on a breadboard as can be seen in Figure 65 and left to run for a few 
hours and the voltage was recorded using a multimeter and LabVIEW program.  
 
 
Figure 65: Balancer Circuit Built on Breadboard 
 
The regulated voltage plots when the Supercapacitor was charged and discharged are 
shown in Figure 66 and Figure 67. 
             
          Figure 66: Supercapacitor Charge Plot 
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Figure 67: Supercapacitor Discharge Plot 
 
iii. Passive Balancing 
 
To perform passive balancing a zener diode with a reverse breakdown voltage of 2.7 V vs 
used along with a 3 Ω power resistor. The super capacitor was connected in parallel to the zener 
diode and left to charge. The circuit is shown in Figure 68. The resistor limits the current going 
into the zener diode and prevents it from getting overheated. The cost of this circuit is 0.82$. 
                   
Figure 68: Supercapacitor Passive Balancer Circuit 
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iv. Passive Balancing Test Experiments 
The circuit was built on a breadboard as can be seen in Figure 69 and left to run for a few 
hours and the voltage was recorded using a multimeter and LabVIEW program.  
 
      
Figure 69: Balancer Circuit Built on Breadboard 
 
 
The regulated voltage plots when the super capacitor is charging and discharging are 
shown in Figure 70 and Figure 71.  
                     
                                 Figure 70: Passive Circuit Super Capacitor Voltage Charge Plot 
 
0
0.5
1
1.5
2
2.5
3
0 1000 2000 3000 4000 5000 6000 7000 8000
Voltage(V) 
time(s) 
          Passive Balancer Voltage Charge 
95 
 
 
                        Figure 71: Passive Circuit Super Capacitor Voltage Discharge Plot 
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f.Final Design 
 
 
 
Figure 72: Final Design Battery Supercapacitor Hybrid 
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                          Figure 73: Final Design Battery Supercapacitor Hybrid Buck mode for normal loads 
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         Figure 74: Final Design Battery Supercapacitor Hybrid Boost mode for High loads 
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                                                  Figure 75: Actual Designed Circuit using current tracker 1 
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           Figure 76: Actual Designed Circuit using current Tracker 2 
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i. High level explanation of the design 
 
The Final Design of the Battery Supercapacitor Hybrid is depicted in Figure 73 and 74. 
The battery along with its PCM will be operating in conjunction with the Supercapacitor bank. 
The current going into the load(HUBO) is tracked through a current tracker. Depending on the 
current the 4 relays are switched on and off to determine whether the battery powers HUBO or 
whether the Supercapacitor bank powers HUBO. When the load is high relay1 and relay 4 will 
be open and relay 2 and relay 3 will be closed so that the battery is isolated and the power will be 
supplied through the Super Capacitor Bank. When the load is normal to low relay 3 will be open 
and relay1, relay 2 and relay 3 will be closed so that the load will be supplied by the Battery.  
The Opening and closing of the relays are controller by and Arduino Uno Micro Controller. The 
design also consists of a Boost and Buck converter. The boost converter boosts the voltage of the 
supercapacitor bank to 48 V so that it can be connected in parallel with the Battery. The Buck 
converter reduces the voltage of the Battery from 48 V to 27 V and charge the supercapacitor 
bank in tandem while supplying the load. LCD Panels monitor the current and voltage across 
both the battery and super capacitor bank while it is in operation. 
 
ii. Algorithm used to control the Battery Super Capacitor Hybrid 
 
       Algorithm 1 – Current Tracker 1 with ADS623AN Instrumentation Amplifier 
 
 
 
 
 
 
 
 
 
 
 
/* Super_Cap Control Code*/ 
 int relay 1 = 1; 
 int relay 2 = 2; 
 int relay 3=  3; 
 int relay 4=  4; 
 
// the setup routine runs once when you press reset: 
void setup() 
{ 
  // initialize serial communication at 9600 bits per second: 
  Serial.begin(9600); 
  pinMode(relay1,OUTPUT); 
  pinMode(relay2,OUTPUT); 
  pinMode(relay3,OUTPUT); 
  pinMode(relay4,OUTPUT); 
 
} 
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void loop()  
{ 
  // read the input on analog pin 0: 
  int sensorValue1 = analogRead(A0); 
  // Convert the analog reading (which goes from 0 - 1023) to a voltage (0 - 5V): 
  float voltage1 = sensorValue1 * (5.0 / 1023.0); 
 Serial.print(sensorValue1); 
  Serial.print("  "); 
  float current = (voltage1/1.5); 
  Serial.println(current); 
  delay(200); 
   
  if (current > 2) 
{ 
digitalWrite(relay4, HIGH); 
digitalWrite(relay3, LOW);  
digitalWrite(relay1, HIGH);  
digitalWrite(relay2, LOW);  
} 
else  
{ 
digitalWrite(relay1, LOW);  
digitalWrite(relay2, LOW);  
digitalWrite(relay3, HIGH);  
digitalWrite(relay4, LOW);  
} 
} 
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       Algorithm 2 – Current Tracker 2 with ADS 1115 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
#include <Wire.h> 
#include <Adafruit_ADS1015.h> 
#include <Average.h> 
 
#define PNT 10 
int inp[PNT]; 
int val; 
float current; 
 int relay1 = 2; 
    int relay2 = 3; 
    int relay3 = 4; 
    int relay4 = 5; 
// Adafruit_ADS1115 ads;  /* Use this for the 16-bit version */ 
Adafruit_ADS1015 ads;     /* Use thi for the 12-bit version */ 
 
void setup(void)  
{ 
  Serial.begin(9600); 
  // The ADC input range (or gain) can be changed via the following 
  // functions, but be careful never to exceed VDD +0.3V max, or to 
  // exceed the upper and lower limits if you adjust the input range! 
  // Setting these values incorrectly may destroy your ADC! 
 
  ads.setGain(GAIN_SIXTEEN);  
  ads.begin(); 
   pinMode(relay1,OUTPUT); 
    pinMode(relay2,OUTPUT); 
    pinMode(relay3,OUTPUT); 
    pinMode(relay4,OUTPUT); 
} 
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void loop(void)  
{ 
   
  for(int i = 0; i<PNT ; i++) 
 { 
   inp[i] = ads.readADC_SingleEnded(0); 
   delay(50); 
 } 
  
  
 val = mode(inp,PNT); 
 current= ((12.462*val+43.036)/1000); 
 if (val<1200) Serial.println(current); 
  
  if(current<=1.5) 
     { 
    digitalWrite(relay1, LOW);  
    digitalWrite(relay2, LOW);  
    digitalWrite(relay3, HIGH);  
    digitalWrite(relay4, LOW);  
       
     } 
    else 
    { 
    digitalWrite(relay4, HIGH);  
    digitalWrite(relay3, LOW);  
    digitalWrite(relay2, LOW); 
    digitalWrite(relay1, HIGH);   
    } 
} 
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iii. Performance Analysis of battery vs battery Supercapacitor Hybrid 
 
The Battery Supercapacitor Hybrid was used to analyze the power consumption of 
HUBO to see the effects and if there are improvements in power efficiency and complex 
trajectories such as Homing. The comparisons are as follows.  
          
 Homing 
 
The total power consumption when HUBO was homed 10 times through the battery was 
90.1 W. The battery supplied both high loads and low loads. The current recorded when HUBO 
was homed 10 times is show in Figure 77. The average current of all 10 Homing’s was 1.732 A 
while the standard deviation was 0.5109. The average of the peak current while Homing 10 times 
was 2.712 A while the standard deviation was 0.096. 
 
                     
                                                Figure 77: HUBO Homing Data through Battery 
 
The total power consumption when HUBO was homed 10 times using the battery 
supercapacitor hybrid was 87.6W. The supercapacitors supplied loads above 1.8 A while the 
battery supplied the rest. The current recorded when HUBO was homed 10 times using the 
battery supercapacitor hybrid is shown in Figure 78. The red dots were powered by the 
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supercapacitors while the rest was powered by the battery. The average current of all 10 
Homing’s was 1.685 A while the standard deviation was 0.4453. The average of the peak current 
while Homing 10 times was 2.514 A while the standard deviation was 0.085 
 
                      
                                Figure 78: HUBO Homing Data using the Battery Supercapacitor Hybrid 
 
D. Analysis and Possible Energy Improvements 
 
 After analyzing HUBO’s homing it was evident that using a Battery Supercapacitor 
hybrid saves around 2.5 W compared to using the battery itself. It should be noted that the 
supercapacitors were fully charged before performing homing which eliminates the inefficiency 
of the buck converter. In order to obtain more power savings 20 supercapacitors can be 
connected in series so that it matches the voltage of the battery eliminating the need of a boost 
and buck converter to match voltages. More capacitors can be added in parallel to improve the 
capacity of the super capacitor bank. 
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Conclusion and Future Work 
  The power model gives a good approximation of the power consumed for all the joint 
movements in the upper body and lower body of HUBO for both battery and wall power. The 
model is developed and validated only for the right body joint movements. Provided the 
humanoid is perfectly calibrated the model should provide similar results for the left body joint 
movements. The power model developed had a percentage error of 1% to 3 % for the upper body 
and 15% to 20% for the lower body. The accuracy of the model can be further improved using 
machine learning and adding the power losses into the model. 
            Implementing Dynamic power management on HUBO improves power efficiency. When 
HUBO is at idle, in home position shutting down all the motor boards saves approximately 12% 
of the total idle power. Furthermore, during dynamic trajectories shutting down the motors that 
are not used in the motion can add significant power savings. The power savings depends on the 
trajectory. As future work the designed hardware can be easily implemented on HUBO’s motor 
boards. A sensor can be used to detect whether or not a specific joint is in motion and the power 
can be shut down using an onboard relay. 
 The battery supercapacitor hybrid showed power improvement. The battery 
supercapacitor hybrid consumed an average power of 87.6 W when HUBO was homed 10 times 
whereas the battery consumed 90.1 W which is approximately a power savings of 2.5 W. The 
peak current values was reduced from 2.712 A to 2.514 A. As future work more supercapacitors 
can be added in series to match the batteries voltage eliminating the usage of a boost and buck 
converter in analyzing the power savings. More capacitors can be added in parallel to improve 
the capacity of the supercapacitor bank which also would extend operating time. A similar test 
can be performed for other power intensive trajectories on HUBO. It would also be interesting to 
analyze potential power savings by introducing supercapacitors at a lower level on individual 
motor boards.  
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Appendix A - HUBO’s Hardware 
A.1 Upper Body  
i. Neck  
  
         Figure 79: Neck 
ii.Chest 
  
        Figure 80: HUBO Computer(Computer1) 
 
 
 
        Figure 81: HUBO Computer(Computer2) 
 The Neck consists of 2 graphite brushed 
Motors (RE Max 24-M222057) and a motor board as 
can be seen in Figure 79. The Neck has three degree of 
freedom; one in the Yaw direction and two linear joints 
that allow the head to tilt in the roll and pitch directions 
 The chest consists of a metal skeleton, two 
computers with the CAN board, the Battery, the power 
board, IMU sensor board etc. The computer used is 
PCM-3362 a fanless, low power high performance 
single board computer. The Body 
computer(Computer1), PCM-3362 has an integrated 
graphic core of Intel® Embedded Gen3.5+ graphic 
technology with 224 MB shared memory. It also has an 
Atom N450 processor 1G RAM, 20G of storage with 1 
Core and a VGA and a USB. The CAN board model 
used is PCM3680. The computer has custom built 
stacks with 4 USB slots and a heat sink along with a 
USB speaker.  The 2
nd
 computer (computer 2) is a NUC 
D54250WYK1 Intel 4 th generation Core i5 processor 
which has turbo  boost technology.  The computer has 
Intel HD graphics along with 4 USB 3.0 connectors, one 
SATA connector , one power connector and  two PCIe 
slots.  
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             Figure 82: Power Board 
 
 
iii. Arm/Shoulder 
 
                Figure 83: Arm 
iv.Hand 
   
                Figure 84: Hand 
 The arm consists of 6 motors and 3 motor boards. 
It is responsible for 6 Degrees of Freedom; shoulder 
pitch, yaw and roll, elbow pitch and wrist pitch and yaw. 
The Wrist Yaw and Pitch uses 11 Watt graphite brushed 
DC motors(RE Max 24-M222057) while the Elbow 
Pitch, Shoulder Pitch, Roll, Yaw uses 200 Watt 
Brushless DC motors(EC-4pole 30-M305014). 
 The Hand consists of 5 motors (one for each 
finger) and one motor board. The Hand has 5 degrees of 
freedom in the Pitch for each finger. The fingers use 0.75 
Watt Brushed DC motors (RE 10- M256094). 
The computer can take anything from 12- 19 V and has a 
power consumption of 65 W. The two computers occupy 
the top half of HUBOs Chest. The battery occupies the 
lower left of the chest. The IMU sensor board is at the 
lower half(Waist) of the chest. The power board is 
connected back of the chest. The power board powers all 
the motors and the motor boards of HUBO and can be 
powered both through  battery power and wall power . 
The battery connection slot is in the front and the wall 
power connection slot is in the back. 
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A.2 Lower Body 
i.Waist 
 
               Figure 85: Waist 
 
ii.Hip  
 
             Figure 86: Hip 
 
iii. Knee/Thigh 
 
      
         Figure 87: Knee 
 The waist consists of 3 maxon motors. The Waist has 3 
degrees of freedom in the yaw direction. The middle yaw 
controls the chest movement while the outer yaw controls the hip. 
The motors used in the waist are 200 Watt Brushless DC 
motors(EC-4pole 30-M305014) 
 
The hip consists of 3 maxon motors. The hip has two 
degrees of freedom; hip pitch and hip roll. The hip has two of the 
degrees of freedom needed to simulate the human hip ball joint. 
The motors used in the Hip are 200 Watt Brushless DC 
motors(EC-4pole 30-M305014) 
 
The knee has one degree of freedom (pitch) which 
connects the shin to the thigh. The joint is actuated by two 
motors connect to a common pulley system. It also consists of 2 
maxon motors. The knee has one DOF in the pitch direction. 
The motors used in the waist are 200 Watt Brushless DC 
motors(EC-4pole 30-M305014) 
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iv. Shin 
 
   Figure 88: Shin  
v. Ankle 
 
      Figure 89: Ankle 
 
vi. Foot 
 
 
      Figure 90: Foot 
 
 
The shin is the connection between the ankle and the 
knee in the humanoid. It is composed of entirely all structural 
pieces and has no degrees of freedom. 
            The Ankle Pitch-Roll (PR) unit contains two of the 
three degrees of freedom needed to mimic the human ankle. 
These two degrees of freedom include pitch and roll and are 
actuated by two motors. The ankle has 2 degrees of freedom 
ankle pitch and ankle role and has 2 maxon motors. The motors 
used for the ankle are 200 Watt Brushless DC motors(EC-4pole 
30-M305014). 
  
The foot is the point of contact between the humanoid 
and the ground. It contains a Force Torque (F/T) sensor that is 
internally connected to the ankle. The F/T is dampened by a 
piece of urethane plastic. To help eliminate slipping the bottom 
of the foot is fitted with 4 pads to increase friction. 
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A.3 DC Motors Used in HUBO 
 
Actuations of HUBO’s joints are done with one or two motors connected to the joint axis 
by a harmonic drive gear box. Most motors are connected directly to a harmonic drive(LSY and 
LSR); however some are separated but driven by a belt.(RSP,LSP) The combination of harmonic 
drive and belt provides a gear reduction that decreases the amount of torque that the motors must 
supply.  
 HUBO’s power board supplies power to every motor board. Every motor board supplies 
power to one or two motors at 48 V. The brushless DC motors use block commutation of the 
input voltage to control the path which current takes through the windings of the motors. HUBO 
has 3 main types of motors, 2 brushed DC motors and 1 brushless DC Motor. 
 
i. Brushed DC Motors - Operating principle 
A DC motor has six major parts; axel, rotor, stator, commutator, field magnets and 
brushes. The external magnetic field is produced by high strength permanent magnets. The stator 
is the stationary part of the motor which includes the motor casing and two or more permanent 
magnet poles. The rotor rotates with the stator and consists of windings which are electrically 
connected to the commutator. When power is supplied the polarities of the energized winding 
and the stator magnet(s) are misaligned, and the rotor will rotate until it is almost aligned with 
the stator's field magnets. As the rotor reaches alignment, the brushes move to the next 
commutator contacts, and energize the next winding. This continues and spins the motor. 
 
a. 222057 REmax 24 ∅24 mm, Graphite Brushes, 11 Watt – Brushed 59.3 ohms – Wrist, Neck 
motors 
 
222057 is a brushed DC motor which consists of graphite brushes. Figure 91 shows the 
internal structure of graphite brushed DC motor. These motors are used in combination with 
copper commutators for rigorous applications. The optimal operating speeds of the motor are 
between 4000 rpm and 9000 rpm. Graphite brushed motors have a high power density and 
includes a high quality NdFeB magnet. Graphite brushes are usually used in large high current 
motors and have high friction and high no load current and even a high audible noise. The 
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contact resistances of the graphite brushes change depending on the load. The operation range is 
shown in Figure 92.  
 
           
Figure 91: Internal structure of a Graphite Brushed DC Motor 
 
 
 
Figure 92: Operating Range 
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b.RE-256094 RE 10 ∅10 mm, Precious Metal Brushes, 0.75 Watt- Brushed 114 ohms - Finger 
Motors 
 
256094 is a brushed dc motor which consists of precious metal brushes.  Precious metal 
brushed motors ensures constant and low contact resistance for long periods of time and works 
well with low starting voltages and electromagnetic interferences. The commutation pattern is 
uniform and free of spikes. The motor is well suited for small currents and voltages with 
continuous operation.  The motors are small in size and have low friction, audible noise and 
electromagnetic interference. The motor is not suitable for high peak currents and start stop 
operations. Figure 93 and 94 shows the internal structure of a precious metal brushed DC motor 
and its operating range.  
                   
Figure 93: Internal Structure pure metal brushed DC Motor 
       
 
               Figure 94: Operating Range Pure Metal Brushed DC Motor 
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ii. Brushless DC Motors- Operating Principle 
 
Brushless DC motors are also known as brushless permanent magnet ac motors and 
permanent magnet synchronous motors. A brushless motor does not directly operate from a dc 
voltage source. A Brushless DC motor has a rotor with permanent magnets and a stator with 
windings almost like a dc motor turned inside out. Instead of the brushes and commutator the 
windings are connected to control the electronics. The control electronic energizes the proper 
windings while replacing the function of the commutator. The windings are energized in a 
pattern which rotates around the stator and energizes the stator windings leads, the rotor magnet 
and switches as the rotor is aligned with the stator. In comparison to Brushed DC motors 
Brushless DC motors are cleaner, faster, more efficient, less noisy and more reliable.  
 
 i.EC-305015 EC-4 pole ∅30 mm 200 Watt Brushless DC motor – Brushless 0.386 ohms 
 
 EC 305015 is a 4 pole brushless DC motor. The motor operates well at high torques and 
accelerations. The motors operating speed can reach up to 25000 rpm and has higher 
commutation frequency and iron losses. Figure 95 shows the internal structure of a 4 Pole EC 
motor. Figure 96 shows the operating range of the motor.  EC motors are limited by bearing 
systems and are designed for around 20000 hours of operation.  The power density of a EC- 4 
pole motor is achieved by using 4 permanent magnetic poles instead of 2, a high grade iron 
nickel magnetic return and a hexagonally shaped knitted MAXON winding.  
                
        Figure 95: Internal Structure EC 4 pole brushless DC motor 
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       Figure 96: Operating Range EC 4 pole brushless DC motor 
 
        These motors use two types of commutations as follows. HUBO uses block commutation. 
 
i.Block Commutation  
 
 During block commutation the rotor position is reported by three in built hall sensors 
offset by 120° which provides 6 different signal combinations every revolution. The three partial 
windings are supplied in six different conducting phases according to sensor information. The 
switching position of each electronic commutation is offset by 30°. Figure 97 further describes 
Block Commutation 
                       
Figure 97: Block Commutation Electronics 
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Towards the right of Figure 98 is a 2 pole permanent magnet in the center with three 
phase windings and 3 hole sensors placed at 120 degrees. The left of Figure 98 shows the 
commutation electronics fed through a DC supply voltage. A power bridge made of 6 
MOSFET’s are used as contacts from  the motor phase to the positive supply voltage. The lower 
three MOSFET’s make contacts to the supply ground. The power bridge is controlled by a 
commutation logic that evaluates the Hall sensor signal and switches the power on the three 
motor phases. 
           
Figure 98: Block Commutation 
 
ii. Sinusoidal Commutation 
 
Sinusoidal commutation is used in more expensive electronics where smooth movements 
and low speeds are required. Sinusoidal commutation does not provide any torque ripple.  The 
high resolution signals from the encoder are used to generate sine shape currents. The current 
through the motors are related to the rotor position and are shifted by 120 degrees which results 
in smooth precise running of motor in precisely with high quality.  
 
                            
      Figure 99: Sinusoidal Commutation 
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A.4 Body Parts Corresponding to Motor Locations 
All the different body parts of HUBO are highlighted below. In calculating the mass to 
determine the torque only specific parts of HUBO are used depending on the trajectory.  
                                                                                  
        Neck                                            Torso                                            Hip                                         Shoulder Pitch 
                                                                                 
  Shoulder Roll     Shoulder Yaw                           Elbow Pitch                               Wrist Pitch 
                                                                                    
    Wrist Yaw                                       Hip Roll                                        Hip Yaw                                Hip Pitch 
                                                                
   Knee Pitch Ankle Pitch                                   Ankle Roll                            Left Finger 
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Appendix B - HUBO’s Software 
MAESTOR relies on the following three software components. 
a. ROS (Robot Operating System) 
b. OpenRave(Open Robotics Automation Virtual Environment) 
c. HUBO-ach 
 
 The Robot Operating System is an open source library which enables developers to create 
various robot applications. ROS provides hardware abstraction, device drivers, message passing, 
packet management and other functionalities. ROS is incorporated into MAESTOR so that the 
components can easily communicate across its message passing interface. OpenRave provides a 
simulation environment for testing, developing and deploying motion planning algorithms for 
real world robotics applications. It also analyses geometric and kinematic information related to 
motion planning. hubo-ach  is the communication link between MAESTOR and CAN and is 
installed in the body computer.(computer 1) hubo-ach functions by opening up ach channels. 
Ach channels are special files you can write and read back with very low latency. hubo-ach talks 
to the CAN board and sends messages to the motor boards.  The CAN messages are passed to the 
motors and motors go to their positions through encoder feedback. 
 MAESTOR enables the user to rapidly prototype and run the software in simulation and 
in the real robot without extensive porting between the two platforms. It acts as the middleware 
between a system level communication bus and low level motor control mechanism and 
facilitates high level algorithms and low level motor control. 
Figure 100 below depicts the architecture of MAESTOR and how it is connected to 
HUBO++ and the HUBO simulation environment. 
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    Figure 100: Maestro Architecture 
 
MAESTOR is the main component that handles all of the joint interpolation, provides 
ROS services, inverse kinematics, balancing and trajectory parsing. It operates as a ROS node 
that advertises services to all other ROS nodes. MAESTOR comes with a console that wraps the 
ROS command line service functions with MAESTOR functions. MAESTOR also comes with a 
Python API that handles the ROS node setup. MAESTOR communicates to the robot(HUBO) or 
simulation(Open HUBO) through a program called HUBO-ach. HUBO-ach and MAESTOR 
communicate through shared memory channels called ACH channels. HUBO-ach sends 
messages to HUBO or OpenHubo(simulation) to perform various tasks. 
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Appendix C -  Super Capacitor Experiments(Voltage Current Plots) 
 
 10 Supercapacitors with a voltage rating of 2.7 V and a capacity of 360F were obtained 
from NESCAP to perform initial tests. The voltage and Current plots for each capacitor was 
obtained using the hardware setup shown in Figure 101. 
 
               
Figure 101: Hardware Setup for Voltage Current Charge Discharge plots 
 
A 1Ω power resistor with a 10 W power rating was connected to each individual 
capacitor along with a voltmeter in parallel and an ammeter in series to obtain the charge 
discharge voltage current plots. S1 was opened and S2 was closed in obtaining the charge 
voltage current plots while S2 was closed and S1 was opened to obtain discharge voltage current 
plots. The data was recorded through a LabVIEW program designed explained in Chapter 2. 
Once the individual plots were obtained all 10 capacitors were connected in series to obtain 
combined voltage current plots as shown below. 
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i. Charge Discharge Current Voltage Plots for a single Capacitor 
                    
 
         
                                             Figure 102: Single Capacitor Voltage Charge Discharge Plot 
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                                           Figure 103: Single Capacitor Current Charge Discharge Plot 
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ii.Charge Discharge Current Voltage Plots for 5 Supercapacitors Connected in Series 
 
 
 
 
 
 
                                             Figure 104: Voltage Charge Discharge plot for 5 Super Capacitors 
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                                             Figure 105: Current Charge Discharge Plot for 5 Supercapacitors 
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iii. Charge Discharge Voltage Plots for 10  Supercapacitors Connected in Series 
       
      
                                         Figure 106: Voltage Charge Discharge Plot for 10 Super Capacitor 
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Appendix D - Recovering the HUBO Battery 
 There are two major things that can go wrong with the battery which might make it 
dysfunctional. It can be an issue with the PCM or an issue with the lithium polymer cells. 
 
i. Issue with the PCM 
 Open up the battery and observe the PCM and look closely at the circuit to see if 
there are any burnt marks. If you find a burnt mark that means the PCM is dead 
and there is not much you can do about it. You have to order a new PCM through 
the following website. This is rarely the case. 
http://www.kokam.com/new/kokam_en/index.html 
 
i. Issue with the Cells 
 This is the case 95% of the time.  The steps to fix this issue are as follows. 
 
a. Open up the metal casing of the battery by unscrewing the screws. There are quite a  
few number of screws. Once you take off the top plate of the metal case you will 
something like Figure 107.                      
 
Figure 107: Opening up the Battery 1 
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b. Slowly take the green color battery pack out of the metal case as can be seen in the 
Figure 108. 
 
  
Figure 108: Opening up the Battery 2 
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c. Open up the top cover of the battery pack. It will look like Figure 109. 
 
Figure 109: Opening up the Battery 3 
 
d. Test each individual cells voltage using a multimeter. If the cell is good it should have 
a value between 3.8 V and 4 V. (Might be slightly higher than 4 V depending on the cell) 
 
e. 99% of the time you will see that one or more cell is significantly below 3.8 V. 
(Around 2 V or even less). This is where the problem is and the reason why the battery 
does not work as a whole. 
 
f. To fix this issue you have to slowly unsolder the two terminals of the cell/s which had a 
significantly low voltage and charge using an external power supply. It is better to use a 
power resistor in conjunction with the cell when charging it externally. Once the cell is 
fully charged connect it back to where it was and check the individual voltage of all the 
cells. Once that is done check the total voltage of all the cells and make sure it shows 
something around 3.8*13 = 49.4 V or higher.   
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g. If you observe a voltage above 49.4 the battery is fully functioning. Before putting 
everything back together connect the battery to the battery charger and see if it charges. If 
it charges the battery is fixed. If the battery still does not work try to individual charge the 
flawed cells so that all 13 cells have approximately the same voltage with a tolerance of 1 
to 2%.  
 
h. If it does not charge that means something is wrong with the chemistry of the lithium 
polymer battery cell. In that case an individual cell from the following website  has to be 
ordered to replace the cell.  
http://dev.dowkokam.com/about-location.htm 
 
i. Once everything is functioning connect everything together. (Remember to insulate the 
battery pack before screwing in the metal casein) 
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